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Rubber-like materials as many soft tissues can be described as incompressible and hyper-
elastic materials. Their comparable elastic behaviour, up to a certain extent, has been
exploited to develop and test experimental methodologies to be then applied to soft bi-
ological tissues such as aortic wall. Hence, theoretical and experimental simulation of
aortic tissue, and more generally blood vessel tissue, has been often conducted using
rubbers.
Despite all the efforts in characterising such materials, a clear and comprehensive test-
ing procedure is still missing. In particular, the influence of pre-conditioning in the me-
chanical response of hyper-elastic materials has been often neglected. In this paper, the
importance of pre-conditioning is demonstrated by: 1. exploring the effect of stretching
frequency applied before the uniaxial tensile test; 2. recognizing the role of specimen
geometry and strain amplitude; 3. verifying the impact of experimental data acquisition
on finite element predictions.
It was found that stress-strain relationship shows a statistical difference between some
frequencies of pre-conditioning and its absence. Only certain pre-conditioning frequencies
were able to generate repeatable experimental data for strip or dumb-bell shapes. This
feature corresponds to a consistent reduction in the scatter of critical pressures obtained
by numerical simulations.
Keywords: Hyper-elastic material; Uniaxial test; Pre-conditioning; Instability; Finite el-
ement analysis.
1. Introduction
Rubber-like materials exhibit an elastic behaviour in a wide range of strains. This
feature is exploited in the biomechanical field to obtain a valuable model of main
arteries, due to their hyper-elastic behaviour [Holzapfel, 2005]. The use of synthetic
materials facilitates the setting up of novel experimental techniques aiming at a
more precise and reliable characterisation of biological tissues. This is mainly due
to minor constraints on storage and sample preparation as well as availability and
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consistency in their mechanical properties, which makes polymers perfect substrates
to implement or refine various experimental techniques [Tozzi et al., 2013]. More-
over, rubber minimizes the effect of material variability that is quite significant in
biological tissue.
Rubbers have been widely adopted to reproduce and study aortic disease, such as
aneurysm. Schurink et al. [Schurink et al., 1998] created a rubber model of aneurysm
to study the effect of endoleakage, frequently observed after endovascular repair of
abdominal aortic aneurysm. Holzapfel et al. [Holzapfel et al., 2002; Holzapfel, 2005]
showed that arteries share a thermomechanical behaviour similar to rubber-like ma-
terials. In order to clarify the effect of the intraluminal thrombus on the transmission
of pressure, Hinnen et al. [Hinnen et al., 2005] modelled saccular aneurysms made
of elastic vulcanized rubber. Aiming to identify aneurysm sites of rupture, Doyle
et al. [Doyle et al., 2009b,a] implemented silicone experimental models. Similarly,
Segers and Verdonck [Segers and Verdonck, 2000] replicated the human arterial tree
to study the pressure wave propagation along the arteries.
Moreover, in order to carry out numerical predictions (i.e. calculating the critical
pressure for aneurysm formation) reliable experimental mechanical properties need
to be obtained.
Generally, hyper-elastic materials are mathematically described by means of strain-
energy functions [Holzapfel, 2000]. The calibration of these functions is based on the
fitting of experimental data obtained by uniaxial tensile test, equi-biaxial test and
pure shear [Kawabata et al., 1981]. The uniaxial tensile test represents the preferred
approach to obtain mechanical properties [Sokolis et al., 2002; Shergold et al., 2006;
Vahapoglu et al., 2011], due to its simple setup and to its limited cost compared to
other more complex tests, such as indentation or inflation.
Therefore, the testing methodology constitutes a critical aspect for a proper char-
acterization of hyper-elastic materials. In literature, a number of studies reported
the effect of actuator speed on the uniaxial tensile test. For example, Jerabek et
al. [Jerabek et al., 2010] elongated polypropylene specimens at 0.01 mm/s, Cox et
al. [Cox et al., 2008] stretched polydimethylsiloxane dumb-bells at 0.2 mm/s, ISO
standard [ISO 37, 2005] suggests to test small dumb-bells at 3.33 mm/s, while Sher-
gold et al. [Shergold et al., 2006] preferred to pull their silicone dumb-bells at 8.33
mm/s.
Another crucial aspect of the testing procedure is the pre-conditioning stage, during
which rubber-like materials exhibit an evident change in their mechanical proper-
ties. After the first cycle of stretching and recovering the material softens, meaning
that in the following cycles lower stresses are generated for the same applied strain.
Carbon filled rubbers are particularly sensitive to this behaviour [Gent, 2001]. This
phenomenon, referred as Mullins effect, proves that a mechanical behaviour is re-
peatable only after a number of pre-conditioning cycles [Diani et al., 2009]. There-
fore, this aspect cannot be neglected in any experimental protocol.
In addition, there is no standard number of pre-conditioning cycle
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s (often referred
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as scragging) to perform before uniaxial tensile test. As an example, no indication 
of pre-conditioning is given by ASTM [ASTM D 412 -06 a, 2009]. Doyle et al. [Doyle 
et al., 2009b] preconditioned silicone samples by 10 cycles, before carrying out the 
uniaxial tensile test. Differently, British Standard [BS 903-1, 1995] suggests to per-
form 5 cycles in order to improve test reproducibility. However, rarely the value of 
frequency selected to perform the pre-conditioning is reported [Sahakaro and Be-
raheng, 2008] and attempts in incorporating pre-conditioning guidelines into ISO 
standards have been problematic so far, as preliminary trials have failed to produce 
evidence that pre-conditioning effect is large enough to be significant [Brown, 2006]. 
Numerical methods can supply the missing evidences, assessing the effect of exper-
imental data collection on finite element predictions, such as a tube inflation. It 
is well-known that cylindrical rubber membranes subjected to inflation experience 
large deformations [Kanner and Horgan, 2007]. Nonlinearities related to the ma-
terial and the geometry interact to exhibit certain interesting instabilities and/or 
bifurcations [Gent, 2005]. The limit point (critical pressure) occurring during the 
inflation of long tubes is manifested by the appearance of a non-uniform deforma-
tion of the cross-section: one portion of the tube experiences the formation of a 
bulge, called aneurysm in medical context, while the remaining part is slightly in-
flated. Since 1891 this phenomenon has been widely described for rubbers [Mallock, 
1890; Alexander, 1971; Kyriakides and Chang, 1990; Kyriakides and Yu-Chung, 
1991; Kanner and Horgan, 2007]. More recently, Bucchi and Hearn [Bucchi and 
Hearn, 2013a,c] provided an exhaustive continuum mechanics background followed 
by numerical studies on distensible tubes. In order to describe how critical pressure 
may be predicted, five distinct elements with up to seven alternative strain-energy 
functions were evaluated in finite element analysis [Bucchi and Hearn, 2013c]. In 
contrast to previous works [Kyriacou and Humphrey, 1996; Holzapfel, 2005], most 
recent studies [Fu et al., 2012; Rodrı´guez and Merodio, 2011; Alhayani et al., 2013, 
2014] suggest that the formation of arterial aneurysm can be regarded as an elastic 
instability problem.
In this paper, a finite element analysis is designed to assess the impact of the tensile 
stress-strain behaviour on associated numerical predictions. Thus, a cylindrical rub-
ber tube, intended as a simplified aortic model, is inflated for the sake of comparing 
predicted values of critical pressure, associated to aneurysm formation, as function of 
the experimental data supplied. Such data refer exclusively to the response ob-served 
after the completion of pre-conditioning cycles. This is in agreement with the 
common recommendation to record stress-strain measurements only after pre-
conditioning [Gent, 2001; 903-5, 2004; Brown, 2006]. Analogously, the exclusion of 
pre-conditioning cycles from subsequent analyses has been performed in recent stud-
ies [Dorfmann and Ogden, 2003; Hariharaputhiran and Saravanan, 2016]. Dorfmann 
and Ogden [Dorfmann and Ogden, 2003] presented a new pseudo-elastic constitu-tive 
model, specifying that the actual uniaxial response of the carbon filled rubber was 
taken only after six pre-conditioning cycles. The electrical resistivity-strain re-
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4 de Gelidi et al.
sponse of carbon filled rubbers was measured by De Focatiis et al. [De Focatiis et al., 
2011] after four preliminary cycles. Hariharaputhiran and Saravanan [Hari-
haraputhiran and Saravanan, 2016] mentioned that only data collected from the last 
cycle were used to evaluate the stored energy of rubber sheets. In a seminal study for 
arterial behaviour, Fung et al. [Fung et al., 1979] indicated that strain-energy 
functions should be adopted after pre-conditioning, as the internal structure of the 
artery is rearranged during the first cycles. Hence, the material softening is not 
included in the mathematical formulation of the strain energy-functions in order to 
describe the hyper-elastic behaviour after the application of a pre-conditioning stage. 
In this study, the role of the pre-conditioning frequency (fP ), adopted during the 
experimental testing, is shown to affect the predicted magnitude of the critical 
pressure. In other words, each fP leads to a distinct mechanical behaviour of the same 
material, thus numerical predictions are biased by such experimental feature. Several 
strain-energy functions are adopted to model such variety of experimental responses 
and to offer a detailed comparison of numerical outcomes.
The main aim of this work consists in showing, experimentally, the effect of the 
frequency adopted during the mechanical pre-conditioning on the uniaxial tensile 
outcomes. Furthermore, such effect is corroborated numerically, associating such 
frequencies, selected for experimental testing, to aneurysm predictions.
In addition, two further aspects are explored: the influence of the sample geometry 
on the stress-strain curves and the strain amplitude of the pre-conditioning cycles. 
Despite the fact that the uniaxial tensile test provides a brief characterization of ma-
terial properties, the results reported in this study are sufficient to demonstrate the 
importance of the frequency value adopted during the mechanical pre-conditioning 
for a particular material and shape.
2. Materials and methods
2.1. Materials and specimen
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Strips and dumb-bells are prepared out of a carbon filled rubber material produced 
by Avon Rubber. Aiming at designing an experimental protocol for aortic tissue, 
small specimens are required. Thus, the dumb-bell type 4 described in ISO 37:2005 
(E) is adopted in this study as the smallest standard available [ISO 37, 2005]. Strips 
dimensions (35 mm x 2 mm), as analogous to the narrow part of the dumb-bell, are 
also tested. In both cases, a uniform thickness of 1.9 mm is calculated as average 
of optical confocal microscopy measurements on 10 samples. Dumb-bells are cut 
by means of a custom-made die (Gibitre Instruments, Italy). Differently, strips are 
handcut by means of a wet scalpel and carefully selected after calibre measurements, 
discarding samples with a tolerance of 1% in length and 10% in width.
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2.2. Experimental procedures
Samples are subjected to a pre-conditioning process as recommended in [BS 903-
1, 1995; ASTM D 1776 -04, 2004; Doyle et al., 2009a] to overcome the Mullins
effect and stretched until rupture, immediately after such loading-unloading cycles.
Therefore, any kind of relaxation effect is avoided [Gent, 2001].
2.2.1. Pre-conditioning details
The pre-conditioning stage is carried out using a sinusoidal load waveform, whose
strain amplitude is 0.7; calculated as the 10% of the maximum strain (7 mm/mm).
Such ultimate value was obtained via preliminary uniaxial tests performed without
pre-conditioning. Furthermore, as recommended by British Standard [BS 903-1,
1995], 5 cycles of pre-conditioning are performed.
2.2.2. Experimental setup
Specimens are tested uniaxially using a MTS Landmark (MTS Systems Corpora-
tion, USA) equipped with a 2.5 kN load cell (Fig. 1). The sample is kept in position
with BOSE grips Assy 3200 (Bose Corporation, USA). The displacement is mea-
sured using a Messphysik video-extensometer with a field of view ranging from
0.4µm to 50 mm (Messphysik Materials Testing GMBH, Austria). The recording
is activated before any movement of the crosshead and stopped manually after the
end of the test. Following the pre-conditioning stage, each sample is tested up to
rupture under displacement control, at a constant cross-head speed of 0.2 mm/s.
Such speed value was calculated as a representative (average) value of low speeds
adopted in literature [ISO 37, 2005; Shergold et al., 2006; Cox et al., 2008; Jerabek
et al., 2010].
[Fig. 1 about here.]
2.2.3. Testing Methods
Three major experimental analyses are carried out, to investigate and assess differ-
ent aspects of the pre-conditioning.
• In order to determine the influence of the fP on the mechanical stress-strain
response, a number of frequencies have been tested: 0.01 Hz, 0.05 Hz, 0.075 Hz,
0.1 Hz, 0.2 Hz, 0.3 Hz, 0.4 Hz, 0.5 Hz, 0.6 Hz, 0.8 Hz, 1 Hz, 1.2 Hz, 1.4 Hz, 1.6
Hz and 2 Hz. Moreover, a test without pre-conditioning, intended as a control, is
carried out. Four specimens (n=4) are tested for each frequency.
• The effect of sample shape on the material characterization is also assessed. Rub-
ber dumb-bells are tested at the following pre-conditioning frequen
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cies: 0.2 Hz,
0.6 Hz, 0.8 Hz, 1 Hz, 1.4 Hz and 2 Hz. Similarly, a control test without any
pre-conditioning is performed.
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• Subsequently, another aspect of the pre-conditioning process is explored: the
strain magnitude. In two distinct tests, conducted at 0.2 Hz, two strain am-
plitudes are investigated: 20% and 8.5% of the maximum strain recorded.
Despite the specific experimental analysis conducted, the post-processing stage
is common to all samples. The engineering stress is calculated taking into account a
constant undeformed cross-section area, assuming the thickness of all samples equal
to the calculated average value of 1.9 mm. In addition, such stress-strain data are
filtered using a home-written Matlab (Mathworks, Massachusetts, US) script, which
reduces the number of experimental data to 40% of the original dataset performing
a block average. The effect of pre-conditioning frequencies on the tensile behaviour
was evaluated by one-way ANOVA test.
3. Finite element model
In order to simulate the inflation of a cylindrical membrane, a circular tube is cre-
ated using Abaqus (Dassault Systmes S.A., France), in accordance with a typical 
geometry extensively used in literature [Shi and Moita, 1996; Bucchi and Hearn, 
2013c] to assess aneurysm formation: external radius 10 mm, thickness 1 mm and 
length 200 mm.
Four node shell elements with reduced integration (S4R) are adopted to mesh the 
designed tube with a radius equal to 9.5 mm, representing the radius of the mid-
dle plane between the internal and external cylindrical surface [Lopes et al., 2007; 
Gonc¸alves et al., 2008].
A mesh sensitivity study is carried out to prove independence of results from the 
adopted discretization, and at the same time to optimize the computational cost. 
The coarsest mesh (Mesh 1) is formed by 8 elements along the circumference and 
44 elements along the longitudinal direction, for a total number of 352 elements. 
Subsequent refinements are obtained doubling elements in both directions. Hence, 
Mesh 2 is constituted by 1408 elements, Mesh 3 by 5632 elements and the finest 
Mesh 4 by 22528 elements.
Both tube ends are fully constrained (suppressing displacements and rotations) and 
an internal inflating pressure with an initial magnitude of 1 kPa is applied. Elas-
tic instability is analysed by the modified Riks method [Wriggers, 2010], which 
provides a load proportional factor (LPF) to be interpreted as a multiplier of the 
initial load (pressure) applied. Below the maximum LPF, the model is deforming 
under static equilibrium. The peak, instead, represents the critical pressure that 
causes the aneurysm formation, hence instability.
Material properties are defined by experimental responses observed immediately 
after the pre-conditioning. Such experimental data are fitted using strain-energy 
functions dependent on the first strain invariant such as Neo-Hookean [Treloar,
1943]
W = C10(I1 −
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and, intended as a generalisation of the previous, Yeoh [Yeoh, 1993] formulation
W = C10(I1 − 3) + C20(I1 − 3)2 + C30(I1 − 3)3 (2)
where C10, C20 and C30 are fitting coefficients. The eight chain model presented by
Arruda and Boyce [Arruda and Boyce, 1993] adopts an invariant and a stretch:
W = µ
5∑
i=1
Ci
λ2i−2m
(Ii1 − 3i) (3)
where µ is a material parameter function of the initial shear modulus µ0, Ci are
related to the series expansion form of the inverse Langevin function and λm is the
locking stretch. Other strain energy functions are function of the first and second
invariant implicitly, such as Ogden [Ogden, 1972]:
W = µ
N∑
i=1
µi
αi
(λαi1 + λ
αi
2 + λ
αi
3 − 3) (4)
where µi and αi are temperature-dependent material parameters that allow a good
fit of the theoretical description to the experimental data [Ogden, 1972]. In Abaqus,
the factor multiplying the sum of deviatoric principal stretches is different, being
2µi/α
2
i .
4. Results
4.1. Experimental results
Aiming to focus on the mechanical tensile response obtained immediately after the
pre-conditioning process, the loading-unloading paths are not displayed. Therefore,
the mechanical behaviour can be easily appreciated even for strain below 1.
4.1.1. Pre-conditioning of strips
Strips have been pre-conditioned for 5 cycles at 7 different frequencies and stretched
until rupture. In addition, a control test without pre-conditioning has been per-
formed. As shown in Fig. 2, strips stress-strain responses appear to be heteroge-
neous. The range of maximum stress recorded is highly variable, in the range 1.46
MPa - 5 MPa. For the particular material and geometry selected pre-conditionings
of 0.2 Hz, 0.6 Hz and above 1.2 Hz, generate a quite repeatable behaviour, reducing
the scatter between the lowest and the highest maximum stress value to just 20%.
The strain values in each plot associated to σavg, which is calculated as half of the
min{σmax1 , σmax2 , . . . , σmaxn }, were considered. In this case, the strain obtained in
absence of pre-conditioning is significantly different (p= 0.005) in relation to pre-
conditioning frequencies fP ≥ 1 Hz. Differently, no sensible variation (p= 0.634) in
the curve stiffness evaluated for σavg
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was observed.
[Fig. 2 about here.]
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4.1.2. Pre-conditioning of dumb-bells
Dumb-bells are tested in order to explore the effect of a geometric variation on
experimental data collection, using the same experimental setup and methodology
adopted for the strips.
In the vast majority of the stress-strain plots (Fig. 3) stress values appear scattered,
except for some particular frequencies (i.e. 1 Hz) where stress-strain curves are well
overlapped. The ANOVA test on the stiffness, evaluated at σavg, revealed that the
presence of pre-conditioning generates statistically different (p= 0.0022) material
elastic response. Similarly to the strips, a statistical evidence (p= 1.17 * 10-7) is
observed analysing the strain values associated to σavg.
[Fig. 3 about here.]
4.1.3. Amplitude response
Differently from the previous two experimental analyses, the strain magnitude of the
cycles has been investigated: a comparison between 20% and 8.5% of the maximum
strain recorded without pre-conditioning has been carried out.
Tensile test plots are quite comparable if the strain ratio is in the range 0 - 2.
Differently, for a strain ratio of 3, results for pre-conditioning amplitude of 20% show
a difference of 0.6 MPa between the maximum and the minimum stress calculated.
This range is exactly reduced by 50% for a pre-conditioning amplitude of 8.5%.
4.2. Finite elements results
Firstly, a mesh sensitivity study compared the predicted maximum load propor-
tional factor (LPF), leading to formation of a bulge, for different strain-energy
functions. As a result, Mesh 3 (5632 elements) is deemed to be an appropriate mesh,
as the calculated LPF value just differs of 0.4% compared to the more computa-
tional demanding Mesh 4. The latter mesh predicted the minimum critical pressure
associated to the second order Ogden model (21.65 kPa) and the maximum value
(28.16 kPa) with a Neo-Hookean.
The role of fP chosen during the experimental procedure is reflected on the nu-
merical predictions for the critical pressure shown in Table 1 for the strips and Table
2 for the dumb-bells. The word unstable indicates that the curve fitting procedure
in ABAQUS, declares the material to be unstable over the specified range of strain.
Whether the material is stable but no critical pressure is predicted a symbol (•
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) is
reported, meaning that the aneurysm is not formed.
[Table 1 about here.]
[Table 2 about here.]
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As an example of the fitting procedure, the softest stress-strain experimental re-
sponse obtained after a pre-conditioning at 0.2 Hz is reported in Fig. 4. Such data-set
is fitted by five different strain-energy functions: Arruda-Boyce, Neo-Hooke, Yeoh,
Ogden 1st order and Ogden 2nd order (Table 3). Despite the stability computed by
Abaqus in the range displayed, substantial differences can be appreciated between
the models and their fitting capabilities. Neo-Hookean modelling appears stiffer
compared to other strain-energy functions up to strain 1.5 and far softer than the
others above such deformation. Differently, Yeoh and Ogden 2nd order compute the
response closest to the experimental data along the whole range of strain.
[Table 3 about here.]
[Fig. 4 about here.]
Strips results show that Neo-Hookean strain-energy function always predicts the
highest limit of instability, while the Ogden models estimates the lowest values (Fig.
5A). The absence of pre-conditioning enlarges by far the range of critical pressures
(15.2 kPa - 28.3 kPa), which corresponds to a ∆P = Pmax − Pmin = 13.1 kPa.
The use of 0.2 Hz of pre-conditioning reduces this range (20.2 kPa - 29.3 kPa),
∆P = 9.1 kPa. Furthermore, this trend is enhanced for 0.6 Hz or 1.6 Hz that pro-
duce a pressure difference of ∆P = 7.4 kPa and ∆P = 6.5 kPa, respectively.
[Fig. 5 about here.]
Dumb-bells simulations show similar trends observed in strips, as confirmed in
Fig. 5B. The maximum pressure difference of ∆P = 10.7 kPa is observed in absence
of pre-conditioning, in the range 17.4 kPa - 28.2 kPa. The ∆P is progressively re-
duced with the increasing of fP , reaching the minimum difference ∆P = 5.8 kPa
(22.5 kPa - 28.2 kPa) at 1 Hz (Table 2).
Despite different pressure differences are observed, the ANOVA tests deny any
statistical evidence of the fP adopted to pre-cycle strips (p = 0.7) or dumb-bells (p
= 0.3).
[Fig. 6 about here.]
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Fig. 6 illustrates how the selection of strain-energy functions affects the pre-
diction of aneurysm formation in term of shape (deformations), associated radial 
strains and stress levels. Elastic tubes are represented just after the critical pressure 
is attained. In detail, model (A), (B) and (C) refer to the stiffest response obtained 
at 0.2 Hz. It appears that the largest bulge is obtained for the Arruda-Boyce model 
(C).
Similarly, models (D), (E), and (F) belong to the softest behaviour at the same fre-
quency (Fig. 6). The softest experimental response shows an analogous behaviour:
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the largest bulge is obtained with the Arruda-Boyce model (F).
Further ANOVA tests are performed on the maximum displacement instigated im-
mediately after the formation of the bulge. No statistical relevance is reported for
the experimental data collected from strips (p = 0.62). However, the displacements
computed in the model based on dumb-bells, pre-conditioned at fP = 1 Hz, are
statistically different (p = 0.01) from fP = 0.2 Hz and from the control test.
5. Discussions
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The main aim of this study is to justify the inclusion of some guidelines concerning
the pre-conditioning stage in mechanical testing of hyper-elastic materials. Despite
few attempts have been made to specify some aspects related to the adopted experi-
mental protocol [Doyle et al., 2009a; Bailly et al., 2014], no indication concerning the
fP has been encountered. The purpose of finite element analysis consists in quan-
tifying, in terms of critical pressure values, the effect of distinct tensile behaviour
exhibited after the pre-conditioning conducted at certain frequencies. Thus, such
analysis represents a powerful tool to assess whether the experimental protocol
may or not affect associated numerical predictions: differences in material proper-
ties may discriminate the predictions of aneurysm formation.
The results presented in this work seem to show, for the first time to the authors
knowledge, that the effect of fP on FE results is quite significant.
Strips results (Fig. 2) show that, for the adopted material and shape, only selected
frequencies produce well overlapped stress-strain curves: 0.2 Hz, 0.6 Hz, 1.2 Hz and
1.6 Hz. However, only the highest of the investigated frequencies (1.6 Hz) generates
a numerical prediction with the minimum difference in the critical pressure values,
as clearly reported in (Table 1). Meier et al. [Meier et al., 2003] reported a limited
scatter of stress-stretch responses obtained for silicone rubber strips. However, as
the experimental protocol is not specified and being the material different, no com-
parison is feasible.
Dumb-bells stress-strain curves appear well overlapped when fP is 1 Hz (Fig. 3). In
this case, experimental data are fitted by a larger number of strain-energy functions
compared to other frequencies of pre-conditioning (Table 2). This fP = 1 Hz pro-
duces the minimum difference in the predicted values of critical pressure for both
strips and dumb-bells. Furthermore, ANOVA tests add a statistical evidence of the
enlargement of the bulge obtained (Fig. 6).
Additionally, it has been observed that the largest bulge in not instigated by the
highest critical pressure (Fig. 6). This aspect will be further investigated in future
works.
In both sample shapes (strip and dumb-bell), the absence of pre-conditioning sys-
tematically generates less reproducible results, with a large range of stresses for the
same interval of strains (Figs. 2 and 3). This effect is also reflected in the FE results,
where the maximum scatter of critical pressures is achieved when samples are not
preconditioned (Table 1 and 2).
The role of pre-conditioning frequency 11
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As additional remark, it appears clear the role of the strain-energy function fitting 
the experimental data on FE results. Comparing the plot in Fig. 4 and numerical 
results in Table 1 for the softest response at 0.2 Hz, it seems that the highest criti-
cal pressure is associated to the stiffest stress-strain fitting below strain 1, given by 
the Neo-Hookean model. However, it is worth notice that such mathematical model 
provides the poorest fitting of the experimental data-set, compared to the others. 
Therefore, further to the effect of the fP on the experimental mechanical response, 
the magnitude of numerical results appears affected by the selection of model fitting 
the stress-strain response. Despite Steinman et al [Steinmann et al., 2012] assessed 
fourteen constitutive models, they did not run a finite element analysis to quan-tify 
the effect of strain-energy functions on numerical outcomes. In addition, the 
constitutive sensitivity analysis carried out in the present work answers a key is-sue 
recently pointed out in literature: comparison between strain-energy functions 
requires that constitutive models are calibrated on the same experimental data set 
[Bucchi and Hearn, 2013b,c; Rodrı´guez-Martı´nez et al., 2015]. Although an op-
portune strain-energy function is an essential prerequisite for valuable numerical 
predictions [Marckmann and Verron, 2006], a constitutive model is generally pre-
ferred to others available for no clear reason [Shi and Moita, 1996; Scotti et al., 2008; 
Zhao et al., 2008; Ahn and Kim, 2010; Cloonan et al., 2012; Gokgol et al., 2012]. Shi 
and Moita [Shi and Moita, 1996] selected the Ogden model to investigate numerically 
the inflation of hyper-elastic membranes. Cloonan et al. [Cloonan et al., 2012] 
preferred a Mooney-Rivlin strain-energy function [Mooney, 1940] to model the 
indentation of silicone membranes. The freedom in selecting a constitutive model is 
even more evident for hyper-elastic tissues. An Ogden-type of strain-energy function 
has been adopted by Zhao et al. [Zhao et al., 2008] to study the tension, torsion and 
bending of the aortic wall. Differently, Scotti et al. [Scotti et al., 2008] preferred the 
Mooney-Rivlin strain-energy function to model the aortic wall in a fluid-structure 
interaction analysis. In order to model soft tissue indentation, the liver has been 
described by a Neo-Hookean model [Ahn and Kim, 2010] and by a Mooney-Rivlin 
strain-energy function [Gokgol et al., 2012].
No information about the viscoelastic behaviour is reported, since it is beyond this 
paper aims and for the following reasons. Viscoelastic properties of carbon black 
filled rubber characterize the mechanical behaviour at relatively small strains, up 
to 0.01 [White and De, 2001]. The focus of this research is on tensile stress-strain 
measurement at strains larger than 1. Furthermore, viscoelasticity is usually mod-
elled after relaxation tests, since it governs rate-dependent effects [Amin et al., 2002; 
Marvalova, 2007]. However, in this study no time was allocated to relaxation during 
the experimental tests. Recently, Bo´dai and Goda [Bo´dai and Goda, 2011] proposed 
to identify large-strain viscoelastic parameters of generalized Maxwell-model from 
two tensile tests at different speeds. In the present investigation, no rate-dependent 
effects have been analysed, since the same speed (0.2 mm/s) has been adopted in 
all tests. Thus, viscoelasticity is not considered to play a main role in the performed
12 de Gelidi et al.
experiments and hence is not taken into account in the numerical model.
The explanation of how fP might affect the mechanical characterization of the ma-
terial remains unclear. Hence, this requires further investigations to a microscopic 
level that are beyond the scope of this work. However, according to the Brownian 
motion theory, natural frequency generates an unique behaviour of molecules [Gent, 
2001]. Alternatively, in cluster size studies of pre-conditioned samples, a particular 
frequency distinguishes rigid from fragile behaviour [Bhowmick, 2008]. It is also 
worth considering an eventual role of the Payne effect, which is a typical feature of 
filled rubbers. Such effect can be attributed to changes in the material microstruc-
ture (e.g. to breakage and reforming of weak physical bonds between the filler ag-
gregates) as a result of the overall deformation [Luo et al., 2010]. This phenomenon is 
easily appreciable in a dynamic mechanical analysis (DMA), since it reveals a 
decrease in storage modulus and a maximum in loss modulus. Furthermore, it has 
recently been showed that the Payne effect depends on both the frequency and the 
amplitude of the excitation [H¨ofer and Lion, 2009; Luo et al., 2010]. Thus, such 
phenomenon could play a role in generating the peculiar macroscopic behaviour 
observed in the present study only at certain frequencies.
As limitation of this work, the rubber material is intended as an experimental model 
that shares aortic hyper-elastic behaviour, not its exact biological response.
6. Conclusions
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The reported experimental and numerical analyses suggest the importance of inves-
tigating the frequency of pre-conditioning for data set acquisition in the experimen-
tal characterisation of selected hyper-elastic materials. The effect of pre-conditioning 
stage on a rubber material has been examined. As a result, some frequencies pro-
duce stress-strain responses statistically different from not pre-stretched specimens. 
Focusing on the pre-conditioning step, three main aspects have been experimentally 
investigated: the frequency, the geometry of the samples and the strain amplitude 
of the cycles.
The impact of several experimental data sets has been quantified numerically with 
the estimation of critical pressures responsible for aneurysm formation in an inflated 
cylindrical tube. Critical pressure values are affected by the strain-energy function 
used to fit experimental data. It has been proved that a good overlap of the ex-
perimental curves corresponds to a minimum difference in the critical pressures 
calculations and a broader selection in the fitting strain energy functions. Hence, a 
scatter in the acquisition of experimental data has a direct effect in the reliability 
of numerical predictions.
Therefore, as a conclusion of this work, authors recommend to apply a pre-
conditioning to the material tested. Furthermore, it is also suggested to check a 
reasonable number of fP and, by any means, to clearly state which frequency is 
used for the selected material. Finally, the adoption of standard sample geometry
REFERENCES 13
(e.g. dumb-bells) would facilitate the comparison between results available in the
state of art.
As additional outcome, the present work represents also a preliminary benchmark
for future studies on aneurysm formation in arterial designs. It is indeed recognized
that elastic instabilities arising during inflation are of considerable interest in the
context of biological tissue, which exhibits a hyper-elastic behaviour. Future exten-
sion of this work will apply the current experimental and computational protocol
to biological materials for the sake of investigating the aneurysm formation in the
main arteries.
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18 FIGURES
Fig. 1. A) Experimental setup adopted for the uniaxial tensile tests. The sample was kept in
position by means of grips (B) and tested uniaxially up to fai
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lure. A video-extensometer was used
to measure the displacement between the two white markers attached to the sample as detailed
in B.
FIGURES 19
Fig. 2. Filtered uniaxial stress-strain response of rubber strips, pre-conditioned with 5 cycles at
selected frequencies. Data obtained from no pre-
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conditioning, 0.2 Hz, 0.6 Hz and 1.6 Hz have been
used in the FE model.
20 FIGURES
Fig. 3. Filtered uniaxial stress-strain response of rubber dumb-bells, pre-conditioned with 5 cycles
at selected frequencies. Data obtained from no
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pre-conditioning, 0.2 Hz, 0.8 Hz and 1 Hz have been
used in the FE model.
FIGURES 21
Fig. 4. Experimental data (red dots), collected from a strip pre-conditioned at 0.2 Hz, fitted by
different strain-energy functions in Abaqus. Fitting p
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arameters are reported in Table 3.
22 FIGURES
Fig. 5. Predicted critical pressures as a function of pre-conditioning frequencies: A) strips; B)
dumb-bells. When two stress-strain curves, intend
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ed as the stiffest and the softest, have been
selected, the higher values of critical pressure are indicated by open markers.
FIGURES 23
Fig. 6. Comparison of different aneurysm shapes predicted one step after the pressure reaches
a critical point. The numerical results refers to experimental data for strips pre-conditioned at
0.2 Hz, selecting two different stress-strain curves: the stiffest and the softest. The stiffest stress-
strain response used: A) Ogden second order, B) Neo-hooke, C) Arruda-Boyce. The softest stress-
strain response used: D) Ogden second order, E) Neo-hooke, F) Arruda-Boyce. The first row of
results reports von Mises stress, whereas the second row shows the logarithmic strain valupes
superimposed to the undefo
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rmed configuration.
24 TABLES
Table 1. Critical pressure values [kPa] calculated with the specified strain energy
functions. The experimental data were obtained after strip pre-conditioning performed
at the showed frequencies. Unstable indicates that no fitting is achieved and • specifies
that no aneurysm was predicted. For 0 Hz and 0.2 Hz the stiffest (first column) and
softest (second column) stress-strain response were taken into account. Conversely, an
average curve was chosen for 0.6 Hz and 1.6 Hz.
Strain
energy
function
Pre-conditioning frequency
0 Hz 0.2 Hz 0.6 Hz 1.6 Hz
Stiffest Softest Stiffest Softest
Ogden
1st order 15.275 • • 20.316 20.892 •
Ogden
2nd order unstable • 20.215 23.111 21.734 21.489
Ogden
3rd order unstable • unstable unstable unstable unstable
Neo-Hooke 24.447 28.392 25.931 29.327 28.290 27.951
Arruda-Boyce unstable 24.640 22.233 25.014 24.567 25.009
Yeoh 17.358 • • 24.325 • •
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TABLES 25
Table 2. The critical pressure values [kPa] of dumb-bell samples, calculated with several models
similarly to Table 1. The effect of a different sample shape can be evaluated comparing the pre-con-
ditioning frequencies 0 Hz and 0.2 Hz. Unstable indicates that no fitting is achieved and • specifies
that no aneurysm was predicted. For 0 Hz, 0.2 Hz and 0.8 Hz the stiffest (first column) and softest
(second column) stress-strain response were taken into account. Conversely, an average curve was
chosen for 1 Hz.
Strain
energy
function
Pre-conditioning frequency
0 Hz 0.2 Hz 0.8 Hz 1 Hz
Stiffest Softest Stiffest Softest Stiffest Softest
Ogden
1st order • • • • • • •
Ogden
2nd order • • 15.346 18.080 unstable • 23.542
Ogden
3rd order unstable unstable unstable unstable unstable unstable 23.676
Neo-Hooke 28.167 17.445 21.925 23.998 17.812 24.249 28.250
Arruda-Boyce 23.512 unstable unstable 20.504 unstable 20.473 unstable
Yeoh • • • • • • 22.472
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26 TABLES
Table 3. Fitting parameters estimated by Abaqus for each strain-energy function
plotted in Fig. 4 are reported. Ogden 3rd order resulted unstable.
Strain-energy function Fitting parameters
Ogden 1st order µ = 193613.5 [Pa]; α = 3;
Ogden 2nd order
µ1 = 43014.2 [Pa]; α1 = 4.1
µ2 = 209780.2 [Pa]; α2 = 1.4;
Neo-Hooke C10 = 171436.6 [Pa]
Arruda-Boyce µ = 259278.9 [Pa]; µ0 = 278386.105 [Pa]; λm = 3
Yeoh
C10 = 122362.3 [Pa]; C20 = 4331.1 [Pa]
C30 = 37.2 [Pa]
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16 FIGURES
Fig. 1. A) Experimental setup adopted for the uniaxial tensile tests. The sample was kept in
position by means of grips (B) and tested uniaxially up to failure. A video-extensometer was used
to measure the displacement between the two white markers attached to the sample as detailed
in B.
FIGURES 17
Fig. 2. Filtered uniaxial stress-strain response of rubber strips, pre-conditioned with 5 cycles at
selected frequencies. Data obtained from no pre-conditioning, 0.2 Hz, 0.6 Hz and 1.6 Hz have been
used in the FE model.
18 FIGURES
Fig. 3. Filtered uniaxial stress-strain response of rubber dumb-bells, pre-conditioned with 5 cycles
at selected frequencies. Data obtained from no pre-conditioning, 0.2 Hz, 0.8 Hz and 1 Hz have been
used in the FE model.
FIGURES 19
Fig. 4. Experimental data (red dots), collected from a strip pre-conditioned at 0.2 Hz, fitted by
different strain-energy functions in Abaqus. Fitting parameters are reported in Table 3.
20 FIGURES
Fig. 5. Predicted critical pressures as a function of pre-conditioning frequencies: A) strips; B)
dumb-bells. When two stress-strain curves, intended as the stiffest and the softest, have been
selected, the higher values of critical pressure are indicated by open markers.
FIGURES 21
Fig. 6. Comparison of different aneurysm shapes predicted one step after the pressure reaches
a critical point. The numerical results refers to experimental data for strips pre-conditioned at
0.2 Hz, selecting two different stress-strain curves: the stiffest and the softest. The stiffest stress-
strain response used: A) Ogden second order, B) Neo-hooke, C) Arruda-Boyce. The softest stress-
strain response used: D) Ogden second order, E) Neo-hooke, F) Arruda-Boyce. The first row of
results reports von Mises stress, whereas the second row shows the logarithmic strain valupes
superimposed to the undeformed configuration.
22 TABLES
Table 1. Critical pressure values [kPa] calculated with the specified strain energy
functions. The experimental data were obtained after strip pre-conditioning performed
at the showed frequencies. Unstable indicates that no fitting is achieved and • specifies
that no aneurysm was predicted. For 0 Hz and 0.2 Hz the stiffest (first column) and
softest (second column) stress-strain response were taken into account. Conversely, an
average curve was chosen for 0.6 Hz and 1.6 Hz.
Strain
energy
function
Pre-conditioning frequency
0 Hz 0.2 Hz 0.6 Hz 1.6 Hz
Stiffest Softest Stiffest Softest
Ogden
1st order 15.275 • • 20.316 20.892 •
Ogden
2nd order unstable • 20.215 23.111 21.734 21.489
Ogden
3rd order unstable • unstable unstable unstable unstable
Neo-Hooke 24.447 28.392 25.931 29.327 28.290 27.951
Arruda-Boyce unstable 24.640 22.233 25.014 24.567 25.009
Yeoh 17.358 • • 24.325 • •
TABLES 23
Table 2. The critical pressure values [kPa] of dumb-bell samples, calculated with several models
similarly to Table 1. The effect of a different sample shape can be evaluated comparing the pre-con-
ditioning frequencies 0 Hz and 0.2 Hz. Unstable indicates that no fitting is achieved and • specifies
that no aneurysm was predicted. For 0 Hz, 0.2 Hz and 0.8 Hz the stiffest (first column) and softest
(second column) stress-strain response were taken into account. Conversely, an average curve was
chosen for 1 Hz.
Strain
energy
function
Pre-conditioning frequency
0 Hz 0.2 Hz 0.8 Hz 1 Hz
Stiffest Softest Stiffest Softest Stiffest Softest
Ogden
1st order • • • • • • •
Ogden
2nd order • • 15.346 18.080 unstable • 23.542
Ogden
3rd order unstable unstable unstable unstable unstable unstable 23.676
Neo-Hooke 28.167 17.445 21.925 23.998 17.812 24.249 28.250
Arruda-Boyce 23.512 unstable unstable 20.504 unstable 20.473 unstable
Yeoh • • • • • • 22.472
24 TABLES
Table 3. Fitting parameters estimated by Abaqus for each strain-energy function
plotted in Fig. 4 are reported. Ogden 3rd order resulted unstable.
Strain-energy function Fitting parameters
Ogden 1st order µ = 193613.5; α = 3;
Ogden 2nd order µ1 = 43014.2; α1 = 4.1; µ2 = 209780.2; α2 = 1.4;
Neo-Hooke C10 = 171436.6
Arruda-Boyce µ = 259278.9; µ0 = 278386.105; λm = 3
Yeoh C10 = 122362.3; C20 = 4331.1; C30 = 37.2
